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ABSTRACT

This report summarizes the Savannah River Laboratory }Q
studies that correlste dislocation substructure with trans- B
granular stress corrosion cracking in austenitlc stalnless e
gteel., Evidence is presented to show that the primary role
of dislocations in the mechanism of cracking is to provilde
a continuous supply of locallzed anodic regions for selectlve
electrochemical attack, The results show that cracking occurs
preferentially on the {111} family of planes and that dis-
location movement, and therefore deformation, 1s required
in the cracking process. Posgible methods of reducing trans-
granular stress corrosion cracking include any process or
alloy change that either inhibits dislocation movement, pro- }
motes cross slip, or reduces the tendency for corrosion.
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THE ROLE OF DISLOCATIONS IN TRANSGRANULAR
STRESS CORROSION CRACKING OF AUSTENITIC STAINLESS STEELS

INTRODUCTION

Transgranular strese corrosion cracking has caused fallures of
several type 304 stainless steel components at the Savannah River
Plant.'? In an attempt to reduce these fallures, the Savannah River
Laeboratory (SRL) is conducting & continuous investigation of this
phenomenon.

Several SRL reports(2-®) relate specimen microstructure and
dislocation substructure to stress corrosion susceptiblillty, Although
the exact mechanism of cracking has not yet been established, the role
of dislocation substructure in the cracking process 18 discussed
extensively in the literature,{7"14) This report summarizes the studies
at SRL that correlate dilslocatlon substructure with stress corrosion
susceptibility, discusses the role of dislocatlons 1n the cracking
process, and suggests methods for minimizing the cracking.

SUMMARY

A variety of laboratory experiments and observations indicate
that dislocation movements promote transgranular strese corrosion
cracking by a mechanism of locelized anodic dissolutlion along {121}
planes. _It is proposed that the dislocation movements rupture the
protective oxide film on the metal surface and produce anodic reglons
along the slip trace. These locallzed anodic regions then become the
sltes of preferential electrochemical attack.

3

~ Possible methods of reducing transgranular stress corrosion
cracking include any process or alloy change that inhlbits dislocation
movement or promotes cross slip., For example, 1f coplanar dislocation
movement occurs readily in a specific material, the movement of
dislocations is progressive in a given slip plane and each successlve
dislocation further ruptures the protective film resulting in
localized corrosion. - In such a material, the susceptibllity to trans-
grenular stress corrosion would be high. However, if cross glip of
dislocations can occur readily, coplanar motion is limited and the
movement of dislocations in the material would rupture the protective
film along numerous slip planes. This action would forestall the
localization of corrosion along one particular slip trace and would
therefore minimize transgranular stress corroslon cracking.
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DISCUSSION

BACKGROUND

The importance of lattice defects in both chemlcal and physical
processes is becoming increasingly apparent, and more studles of
mechanisms ineclude the influence of lattice imperfectlons. There is
now little doubt thdt defects, particularly dislocatlons, are involved
in the mechanism of tranSgranular stress corroslon cracking. 1In an
early study, Forty 7) suggested that stress corrosion cracking of
a-brass occurred because the chemical enviromment embrittled the metal
locally to such an extent that dislocatlion plleups could produce sgtress
concentrations sufficient to break down the loecsal cchesion of the
crystal structure. ‘

Robertson and Tetelman‘a) stated that "on a microscopic scale, the
fracture process occurs on crystallographic planes, defined by the
direction of the applied stress w=lative to the crystal orientation,
and relative to the planes thau operate to produce Cottrell-Lomer
barriers." They suggested that these barriers act as sites for pre-
ferential chemical resctivity. Nielsen!®) showed that the initial
stages of cracking occurred along the {111} <110> slip system which
is in accord with corrosion down Cottrell-Iomer barriers. These
reporte suggested that samples having low stacking fault energies and
the associated coplanar distributions of dislocations should be more
sugceptible to transgranular stress corrosion than samples having the
tangled dislocation patterns associated with higher stacking fault
energies, }

swann{19} provided direct experimental evidence of the relationship
between dislocation substructure and susceptibility to transgranular
gtress corrosion. Using transmission electron microscopy techniques,
he showed that "alloys with a cellular arrangement of dislocation tangles
(high stacking fault energy) have superior resistance to transgranular
failure, while alloys containing planar groups of dislocations (low
stacking fault energy) are generally more susceptible.”

Other investigators(11-18) have shown similar relationships
between dislocation substructure and susceptibillity to transgranular
stress corrosion, ParkinS‘(l4’ excellent summary of stress corrosion
cracking suggests that dlslocations can influence cracking:

(1) by producing bursts of mechanical crack propagation;
and/or

(2) by causing, directly or indirectly, intense localized
electrochemical actlivity.




Despite a rather widespread acceptance of the importance of dis-
location substructure in the transgranular stress corrosion mechanism,
opinions veary about role of dislocations in the cracking process.

PROPQOSED ROLE OF D!SLOCATIONS

In an unstressed, polycrystaliine, chemically homogeneous sample
of austenitic stainless steel exposed to a soclution known to cause
transgranular stress corrosion cracking, the potentially most reactive
gites will be grain boundaries, dislocations, and stacking faults,
regions at s higher energy state than the matrix. However, since the
entire surface of the specimen is protected by an oxide film, 1little
corrosion wlll occur,

As stress 1s applied to the above sample, 1little corrosion occurs
until the protective film 1s ruptured, exposing the underlying metal.
Such rupture can occur if dislocatlons move to the metal surface and
produce a slip trace, which is anodic to the matrix. Because this slip
trace is a localized anode and represents a {111} trace, the cracking
process wlll begin by corrosion along that {111} plane. If the stacking
fault energy of the steel 1s low, cross 8llp does not occur readily;
therefore, when one dislocation ruptures the protective film it is
likely to be followed by another, then others, and corroslon proceeds
down that particular slip plane. Such localized corrosion will produce
a crack-like veold in the metal, which causes & stress concentration
in that region and enhances dislocation movement near the crack tip.

At this time, the slip-corrosion process becomes cyclic, and trans-
granular stress corresion cracking wlll occur. If the stacklng fault
energy is relatively high, however, cross slip will occur, and the
protective film will be ruptured on numerous {111} traces sg that
localization of corrosion along one particular {111} plane is unlikely,
and 1little or no stress corrosion cracking will result,

In addition to the influence of dlslocation movement, the dils-
locations and stacking faults themselves will be regions of anodic
activity because of the strain energy associated with them. This
resultant higher chemical actlvlity should cause localized corrosion
along defects, even when movement of the defects does not occur, This
chemical attack is affected by segregation of soclute atoms at the
defects (25528} ynich may either increase or decrease the chemical
actlvity, depending on the nature of the segregating atoms. In cases
of 1increased chemical activity, localization of corroslon along the
defect should be expected, which would in turn increase the suscepti-
bility to stress corrosion cracking.




=

Therefore, the role of dislocations in transgranular stress
corrosion cracking is to provide a continuous supply of localized
anodic sites which allow crack initlation and propagation to occur
by electrochemical dissolution.

EXPERIMENTAL PROCEDURES

The materials used in this study were ATSI types 304, 304L, 316,
and 3161 stainless steels, "Penelon"*, and a 160r-20Ni steel, ‘
All samples were water gquenched from 1010°C, except when other heat
treatments or deformation conditions are noted. e '

Three specimen designs were used for most of the studies:

e Sqguare sheet samples epproximately 1/2 x 1/2 x 0.06
inch with dry-ground surfaces.

e U-bend samples having the design shown in Figure 1.

e Thin folls prepared by wet grinding, mechanical polishlng,
and electrochemical thinning.

Specimens were exposed to solutlions of various salts in delonized
water. Time and stress conditlons were varied. Exposure effects were
determined by optical and electron microscopy technliques. Further
details are given below.

FIG. 1 DIMENSIONS OF U-BEND SPECIMEN

¥Thenelon! 1s & patented, nickel-free austenitic stainless steel having
the nominal alloy composition of: ¢=0.08-0.12, Mn=14.50-16.00,
p=0.045 max. §=0.03, N=0.75 max., $1=0.30-1.00, N=0.35 min, Cr=17.00-
19.00, Fe=balance.
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EVIDENCE SUPPORTING PROPOSED ROLE

Thin Foil Studies

Thin foils of annealed-and-guenched or cold-rolled zustenltlc
gtainless steels were prepared by electropolishing mechanically thinned
foils (~1-2 mils thick) in a HpS0,-H3PO,~Hz0 solution until the folls
were thin encugh for electron transmission (~1000 2). Typical as-thinned
structures are shown in Figure 2. Coplanar dislocation arrays were
chgerved in all foils, and stacking faults and extended dlslocation
nodes were apparent in all but the type 316 and the 16Cr-20Ni steels,
These dislocaticn arrangements are indicative of low stacking fault
energies(l7) and suggest that the alloys should be susceptible to
transgranular stress corrosion cracking in chloride solutions. (&sto-14)

17555‘ * 22000)( NEG. 1861 6200X NEG. 17588 6,00 NEG. 1796E 17,000X
a. 316L b. 309L c. 304 d. 304

NEG.

6300X

Rk .
NEG. 2121A 18,000%
e. 304L 3160 g. ""Tenelon" h. 316L

NEG. 1763E 17,00)( NEG. 1769 13,000%

FIG. 2 TYPICAL DISLOCATION SUBSTRUCTURE IN AUSTENITIC STAINLESS STEELS
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Reglons of preferential attack by the electropolishing solution
were observed (Figure 3) primarily along {lll} traceg and were generally
associated with dislocation pilleups, stacking faults, and/or slip traces.

PLATE 1889A ' 33,000X

PLATE 1788C 33,000X
a. Preferential attack aleng b. Preferential. attack along
dislocation pileup. stacking fault.

PLATE 15

11,100X

PLATE 1939F 33,000X
¢. Preferential attack alonyg grain d. Preferential attack along
boundary in sensitized steel: several {111} traces.

FIG. 3 PREFERENT!AL ATTACK AT VARIOUS STRUCTURAL FEATURES IN AUSTENITIC
STAINLESS STEELS. This attack occurred during electrochemical thinning of the foils.




Exposure of the thinned folls to dilute chloride sclutions caused further
preferential attack to occur along {111} traces by pltting and the
formation of crack-like voids.

The 0.06- to 0.07-micron pits that were produced (Figure 4} were
approximately the same as the 0.C5-micron plts reported by Nielsen +8
for corrcsion tunnels along the {111} <110> slip system., Nielsen's
work has been Iinterpreted as evidence for corrosion along Cottrell-
TLomer barriers,‘l4’ thus glving some support to the Robertscon-Tetelman
mechanism of cracking, However, no Cottrell-Lomer barriers were observed
in the pitted foils; in fact, foll-tilting experiments showed that
pitting was more directly related to disiocation traces than to the
dislocations themselves.,

(s}

5800X PLATE 1600C

PLA
FIG. 4 PREFERENTIAL PITTING ALONG 1111} TRACES IN TYPE 304 STAINLESS STEEL
FOIL EXPOSED TO DILUTE CHLORIDE SOLUTION AT 100°C

The bending of folls in +the boiling chleride solutions probably
caused dislocation movement to oceur. Such dislecation movement could
rupture the protective film on the foil surface, producing {111} traces
anodic to the matrix., We interpret the pitting that occurred along
such traces as the initial stage of the formation of crack-like volds
observed in other foils exposed to chloride solutions.

Further experimental evidence supporting the proposed mechanism
(that dislcocations provide local anodic sites at which cracks lnitiate
by electrochemical dissolution) was obtained with folls exposed to
bolling solutions of 100 ppm NaCl and ~40 ppm platinic acid in delonized
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water. Platinum was preferentially precipitated adjacent to slip traces
(Figure 5) showing that such traces were anodic to the matrix
(Nlelsen!1®} had demonstrated that platinum precipitated near anodic
regions). The platinum srecipitated nonuniformly alcng the slip trace;
the spacing was similar to that of corrosion pitis caused by platinic-
acid-free chloride solutions,

i
"’%
{“: ]
Y
e :
i )
# ":
& i . "{f‘{ *
PLATE 20028 37,000X  PLATE 20020 " 37,000%

FIG. 5 PHOTOMICROGRAPHS ILLUSTRATING PLATINUM DECORATION OF ANODIC SITES.
The black dots (see arrows) on the sample are regions where platinum has deposited during
exposure and the light lines along the photographs are slip traces.

These results and similar observations by other investigators(1%»209)

support the proposed role of dislocations by showing that reactive sltes
can be created by disglocation movement.

Although pitting was observed in several foils during chloride
exposure, formation of crack-like voids along {111} traces (Figure 6)
was more common. These volds were interpreted as stress corrogion
cracks because chloride was an essential ingredient; similar chloride-
free solutions did not cause such cracks, The cracks were gquite similar
to those formed during electropelishing, and the results of the
exposures show that localized corrosion plays a dominant role in the

cracking process.
The following observations were made:

1, The severity of cracking increased with increasing exposure
time, and existing cracks propagated during subsequent
exposures (Figure 7).

- 12 -



PLATE 1862 ' B 7800X  PLATE 17990 33 000X

a. Sample exposed 30 minutes in 100 ppm b. Sample exposed 5 minutes in 100 ppm
NaCl solution at 100°C. NaCl solution at 100°C.

F1G. 6 EXAMPLES OF CRACKING CAUSED BY EXPOSURE TO NaCl SOLUTIONS. Arrows

point to cracked regions (additional examples to be given in figures to follow).

PLATE 17168 ) ) 6700

PATE 1714C 67 00X

FIG. 7 PROPAGATION OF EXISTING CRACKS IN TYPE 304 STAINLESS STEEL FOIL
DURING EXPOSURE TO A SOLUTION OF DEIONIZED WATER AND 100 ppm CHLORIDE
{as NaCl) AT 100°C. Note that after 15-minute exposure crack propogated from holes A, B,
and C, and ended at D, E, F, G, and H, and after 25-minute exposure the cracks had propagated

to D', E', F', and H'.




2. The extent of cracking decreased when the temperature
decreased (Figure 8).

3, Cracks preferentially propagated along regions containing
defects and were most often associated with mebile dis-
locatlons (Figure 6).

4. Corrosion product was often seen within the cracks (Figure 9).

These observations, together with those of cther investi-
gators(12:,19,21) ave consistent with the proposed dislocation movement-
f£ilm rupture-cerrosion sequence of cracking, 1l.e.:

a) mobille defects and {111} cracking show the role of dlslocation
movement -

b) the observatlion of corrosion product shows that corrosicon had
occurred, and

e) the temperature effect shows that the corrosion and/or dis-
location mecbllity increases with increasing temperature,

FLATE 1798F 2‘]’000x PLATE 17988 ‘]'OOOX
a. Preferential attack in foil exposed for 5 min- b, Preferential attack in foil exposed for 20 min-
utes at 100°C. Atrtack of this type was apparent utes at 20°C. This region was the most aggres-
throughout the foil. sively attacked region in the foil.

FIG. 8 EFFECT OF TEMPERATURE ON THE PREFERENTIAL ATTACK ALONG {111}
PLANES IN TYPE 304 STAINLESS STEEL FOILS EXPOSED TO A SOLUTION OF
DEIONIZED WATER AND CHLORIDE ION. (These micrographs are from the same
foil which was thinned, then sectioned. Half the foil was exposed at 20°C and haif

at 100°C).

-1 -



17140 e C T 20,000X
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FIG. 9 ASSOCIATION OF CORROSION PRODUCT WITH CRACKING

Previous tests!5) showed that the same qualitative differences 1n
the relative susceptibility to cracking were found in thin feoils and in
bulk samples prepared from various heats of steel. Because the
mechanlcal aspects of fracture in thin foils and bulk samples are guite
different, this result provides further evidence that the primary role
of dislocations i1s to provide active corrosion sites rather than to
produce mechanical rupture.

Studies with Massive Specimens

U-~bend samples of type 3C4L stainless steel were exposed for 5,
15, and 30 minutes to 42% solutions of MgCl, at 154°C. The surfaces
of the samples were polished for metallographic observation prior to

; - 15 -




being formed into the U-shape, The samples contailned Inclplent strees
corrosion cracks after the 5-mlnute exposure, and well-developed
branched transgranular cracks after 30 minutes,. Metallographic exami-
nation of the exposed surfaces revealed that cracking occurred in the
following manner:

l. Corrosion pitting occurred initially in 1ocalized areas
(Figure 10a).

2. Pitting was followed by extension of the corroslon to form
linear traces of corrosion product on the sample surfaces;
the traces were often parallel to observable sllp traces
(Figure 10b).

3. Additional exposure csused cracking te occur in the corroded
regions (Figure 10c¢),

4, At stlll longer exposures, the small cracks within each grain
connected to form branching, transgranular cracks (Figure 10d).
Although the crystallographlc nature of the cracks was no
longer readily apparent at this stage, the branches often
changed directions at grain boundaries, and many were parallel
-to 8llp traces.

The traces of the incipilent cracks were indexed, and in all cases
were aligned within 22 of {lll} traces. This observation, coupled
wlth the observation that the formation of corrosion products accompanies
crack growth, provides additional evldence that the {lll} plane 1s
made anodlc by dlslocation movement and that subsequent corrosion occurs
in that region.

Another supporting cobservation is that often one grain would con-
tain flve or six incipient cracks, while adjacent grains showed none.
This could result from differences in the resolved shear stress on the
{lll} planes in different grains, Cracking would occur only in the
grain(s) where the resolved shear stress on the {lll} plane wag high
enough to produce slip (dislocation movement ) during exposure. If this
were the case, one would expect to find regions where cracking occurred
only in grains with certain orientations; such regions were found
throughout the samples as shown 1n Filgure 11.

Addltlional evidence for {lll} fracture was found by trace analysis
of sectioned U-bend samples (Figure 12), The crystellographic nature
of the cracking was much more apparent in samples thet cracked slowly
than in samples that cracked raplidly; however, {111} fracture was
cbserved in 50-mil-thick U-bend samples that had fractured after
exposures varylng from 2 hours to several weeks,

(=27)
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NEG. EM-268 NEG. EM-270

a. The initial stage - pitting in very localized b. Extension of pits to form lines of corrosion.
regions, Exposure 5 minutes. Exposure 15 minutes.

M-271 NEG. EM-275
c. Initiation of cracks within corroded d. Pattern of well-developed cracks.
areas. Exposure 15 minutes. Exposure 30 minutes.

FIG. 10 SEQUENCE OF CRACK INITIATICN IN TYPE 304 STAINLESS STEEL U-BEND
SPECIMENS EXPOSED TO 42% MgCl, SOLUTIONS AT 154°C (500X)

- 17 -

R R e e s et




NEG. E-Z?S - ' ‘ 250X

FIG. 11 RELATIONSHIP BETWEEN GRAIN ORIENTATION AND SUSCEPTIBILITY TO STRESS
CORROSION IN BOILING 42% MgCl, SOLUTIONS. Note that many of the cracks are
nearly parallel to each other and are in groups A, B, C, and D which have similar
orientations with respect to the specimen surfaces.

NEG. M—55 ' 500X

FIG. 12 EXAMPLE OF CRACKING ALONG THE FOUR 11111 TRACES IN A GIVEN GRAIN

- 18 -
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The crack morphology was studied 1n samples where the cracks propa-
gated more slowly. The samples were mechanically pollshed and electro-
lytically etched in 10% oxalic acid for observation. Cracks changed
directions at grain and twin boundaries and many cracks were parallel
to twin traces (Figure 13a). The traces of several of the cracks formed
proncunced Widmanstatten patterns {(Figure 13b), and as many as four
crack directions were visible within a given grain. The maximum number
of trace directions in a Widmanst&tten pattern is a funciion of the
crystallographic habit plane of the pattern; the observation of four
traces indicated that cracking occurred on the {111} plane.(ee)

a. Transgronular stress corrosion crocks in specimen exposed 16 hours
to 100 - ppm chloride solution (10% exalic acid etch}.

b. Widmanstdtten pattern of cracking in specimen exposed 168 hours
to 100 -ppm chleride solution (10% oxalic acid etch). Note the
four crack directions in Region A.

FIG. 13 STRESS CORROSICN CRACKS IN ROUGH DRY GROUND SAMPLES
EXPOSED TO CHLORIDE SOLUTIONS  (250X)
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The repeated observation of {111} fracture was somewhat surprising
because several investigatorstaa‘as) had studied the crystallography
of stress corrosion cracking and had observed fracture on {111} planes,(as)
on {100} planes, 22} and on no particular crystallographic plane, (22524, 26)
The metallographic examinaticns in these studies were made at relatively
low magnificationg and on well-developed cracks. Such observations do
not refute the proposed role of dislocations because microscoplc fracture
on two or more different {111} planes could cause the fracture to appear
to lie on another crystallographic plane or on no particular plane; this
behavior is clearly illustrated in Figure 14%.

PLATE 2252A 21,400%

FIG. 14 ALTERNATE FRACTURE ALONG TWO {111} PLANES (A & B) PRODUCING
CRACK WHICH APPARENTLY LIES ON ANOTHER PLANE (C).

SHORTCOMINGS OF PROPOSED ROLE

The results of the SRL studies and many other investi-
gations{7714s18-20,28) poye shown that lattice defects play an important
role in stress corrosion processes; howevér, results reported in
DP-957(5) and by other investigators(1®s3°) have shown that different
heats of steel with the same nominal alloy compositions{5s3°} and with
similar stacking fault energies(S:12) have different susceptibilities
to transgranular stress corrosion cracking. Thus, some variable(s),
in addition to dislocaticn substructure, must influence the suscepti-
bility to transgranular stress corrosicn cracking, and the proposed
role of dislocations is therefore nct a complete explanation of the
mechanism of transgranular cracking. The influence of variables such

- 20 -




as impurity content, second-phase distributions, alloy segregation,
and solution chemistry must be understood before a complete mechaniem
can be derived.

POSSIBLE METHODS FOR MINIMIZING STRESS CORROSION

Nickel Content

..It has been ghown that an increase in nickel content increases
both the resistance to stress corrosion and the stacking fault energy
of austenitic stainless steel., These observations led to the concluslon

that the beneficial effects of nickel arise from the lncrease in stacking
fault energy. The proposed role of disloeations is in accord with that

conclusion,

Nitrogen Content

Nitrogen has also been observed to have an influence on the
resistance to stress corrosion of austenitic stalnlessg steels.
Although nitrogen probably does not directly affect the stacking
fault energy, increased nitrogen content tends to promote local order
in the alloy.(*®) oOrdering, as well as low stacking fault energy,
tends to restrict sllp in the material. Thus, an increase in nitrogen
content should lower the resistance of the material to stress cracking.

Second - Phase Precipitates

. The influence of second-phase precipltates on transgranular stress
corrosion susceptibility has not been well established; however, second-
phase particles are known to be effectlve blocks to dislocatlon movement.,
Because dislocation movement is essential for stress corrosion to proceed
by the proposed mechanism, a fine dispersion of second-phase particles
should increase the resistance to stress corrosion cracking; however,
inclusions at the surface may provide locel stress concentratlons,
causing rupture of the protective film and allowlng corroslon to occur.

Impurity Content

Impurities segregated to defects usually increase the chemical
reactivity in those reglons. Therefore lowering the trace impurity
content should improve resistance to stress corrosion cracklng.

- 21 =




Deformation Process

Deformatlion preocesses that produce unusual dilslocatlion arrangements
in the alloy should be beneficial 1f the new arrangements are not con-
duclve to coplanar dislocaticn motlon. Processes such as shock loading
and ausforming should be investigated to determine their Influences
on stress corroslon susceptibility.

- 20 -
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. ‘CONCLUSIONS

The SRL studies have shown that the role of dislocatlions in the
mechanism of transgranular stress corrosion cracking is to provide a
continuous supply of localized ancdic reglons for selective electro-
chemical attack, . This proposed role indicates that at least two
features are necessary for transgranular cracking to occur:

1. Coplanar dislocation movement {thus deformation) must occur
during the cracking process.

2. Locallzed corrosion along specific regions must occur.

Any process or alloy change whilch promotes cross slip, Inhlbits dis-
ioccation movement, or reduces the tendency for the material to corrode
will reduce the susceptlbility to transgranular eracking because both
of the above are requlred for cracking to occur.
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